
lntcrfemnce Attenuated Total  Reflectance On Tin-Oxide Glass Subs t ra tes  

V .  S.  Srinivasan and 7 .  Kuwana 

Case I n s t i t u t e  of  Technolotzy, Cleveland, Ohio 44106 , ' 

The e p p l i c a t i m  o f  Attenuated Total  Reflectance spectroscopy has heen 
The s p e c i f i c  appl ica t ion  of uqrd for thc study of i n t e r f a c i a l  phenomena.) 

t h i s  tcchnique t o  i d e n t i f y  and t o  study spec ies  farmed d u r i n r  an e l e c t r o -  
chrmical process has been successfu l ly  demonstrated by Hansen. Kuwana, and 
(ktcryotmg.2 Thc conducting surface f o r  t h e  electrochemical process may be 
c i t h c r  a t h i n  m e t a l l i c  f i lm or a th in  layer  of "doped" t inoxidc on c l a s s  
srihstratc. To obtain t h e  spectrum o f  the species  under s tudy,  the diffcrcnce 
i n  thc  values of  the  r e f l e c t a n c e  abosrbance w i t h  and without t h c  Ecneratcd 
spccies  a t  the sur face ,  was p l o t t e d  apa ins t  wavelenrth. 
authors ,  the shape of t h e  s p e c t r a  depended on t h e  thickness  of thc  f i  lms. 
I t  was rsswcd t h a t  t h e  f i lm ( t inoxide)  ac ted  merely as a neut ra l  f i l t e r .  
llwcvcr t h i s  approach is not v a l i d  as w i l l  be shown. 
i n  t h i s  piper  is base$ ar Murmann-Forrterlina f o m l a  f o r  r e f l e c t i o n  of l i g h t  
f r a  thin films.'  

As noticed by these 

Thc approach presented 

Experiwntal  : 

d i s t i l l e d  water. f inoxide  coated  lass p l a t e s  were obtained f r o a  Coming Glass 
Co. Spectra were obtained m a Cary Model I S  spectrophotometer. Thin films of 
gold were deposited on glass  p l a t e s  by vacuum evaporation method. 
of  the  c e l l  w a s  similar t o  the one previously 

Reawnt wade chemical% wcre u s e d  and t h e  so lu t ions  were made with doubly 

The design 

The Univrc 1107 c o q u t o r  usinR alRol system was used f o r  computations. 

Theory: 

cocf f ic ien ts  a r e  ca lcu la ted  for r e f l e c t i o n s  a t  the  i n t e r f a c e  of two absorhinn 
r d i a .  Then these values  a n  used i n  t h c  gcnctal  formula f o r  r e f l e c t i o n  from 
t h i n  f i l a .  tint derived by Fors te r l ing  for n o m 1  r e f l e c t i o n ,  bu t  modified 
t o  include any angle of incidence.  

Fresnel Reflect ive Coeff fc ien t r :  

polar ized liet a t  the interface of two ahsorbing r s d i a  i s  

The problem is div ided  in to  two sec t ions .  F i r s t  t h e  Fresnel r e f l c c t i v c  

The equation for Fresnel  r e f l e c t i v e  c o e f f i c i e n t ,  n, f o r  perpendicularly 

h h A pen n 1 and % am t h e  cap lex  r e f r a c t i v e  indices, with n 

tha o t t e n u r t i a r  indices of t inoxide  f i l m  and s o l u t i o n  respec t ive ly .  

equal t o  n l - i c g  and 
to n 2 - i ~ ~  where n1 and nz a m  the r e f r a c t i v e  ind ices  and c 1  and c 2  arc 

e 1  and +2 
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a r e  the  angle of  incidence and t h e  angle o f  r e f r a c t i o n  f o r  t h e  l i g h t  beam 
enter ing  from t h e  g l a s s  s u b s t r a t e .  In t h e  above equat ion ,  t h e  anRles a r e  
a l s o  complex, but they can be replaced i n  terms of t h e  r e a l  exl)erimental 
q u a n t i t i e s ,  +p the  angle  of incidence of t h e  l i g h t  beam on t h e  t ransparent  
g lass  s u b s t r a t e  and it  r e f r a c t i v e  index no, us ing  S n e l l ' s  law. 

Simpli€icat ion of equat ion (1) leads  t o  t h e  Fresnel  r e f l e c t i v e  c o e f f i c i e n t  

(3) 

where 

with 

and 

___ __ . . .. __. . . - -. .. .- 

q- -I@ - (N2-N2r2-sin2@o) + ( N 2 + ~ 2 - s i n ~ + o )  + ( 2 $ ~ 2 ) ~  J 2 2  f' 2 2  

The s i p s  f o r  t h e  square roots a r e  d i c t a t e d  by t h e  condi t ion  t h a t  t h e  
r e f l e c t i v i t y  always b e  equal  o r  less than uni ty .  
N2-na/n0. 

t o  be 

Fur ther  N1=nl/no and 

The phase angle  P a s s o c i a t e d  with t h e  above electric v e c t o r  is ca lcu la ted  

s i n  B- ~ ( p y - q x ) / ( ~ l $ )  ( 4 )  
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Table I 
I 

Caparison Between Experimental and Simulated Spectra 

Experimental S i  mu 1 a t  ed 
Uaxima 390 mu 390 my 

+ 

458 4bO I' 

748 I *  760 I' 

Minima 415 I' 426 " 
soa 11 510 " 
635 655 

The thickness of the f i l m  is taken to b e  960 mu. 

' i  

I 



For ind iv idua l  cases of  r e f l e c t i o n ,  t h e  amplitude and the  phase angle  can be 
eva lua ted  from equat ions (3) and ( 4 ) .  

Murmann-Forsterling Formula: 

d i s t a n c e  between t h e  peaks being dependent upon t h e  thickness  of  t h e  f i lm.  
The ray  of  l i g h t  e n t e r i n g  the  g l a s s  s u b s t r a t e  is p a r t i a l l y  r e f l e c t e d  with 
a Fresnel  c o e f f i c i e n t  rl and phase angle  y. a t  t h e  f i lm-glass  i n t e r f a c e .  The 
t ransmi t ted  p a r t  t r a v e l s  through t h e  f i lm with th ickness  d being a t t e n u a t e d  
by a f a c t o r  a and undergoes a phase lag  of 6 . This ray is f u r t h e r  r e f l e c t e d  
with a Fresnel  c o e f f i c i e n t  r2 and a phase angle  6 a t  t h e  f i lm-solut ion i n t e r -  
face .  Thus t h e  progress ive ly  a t tenuated  rays undergo mul t ip le  r e f l e c t i o n s  i n  
t h e  t h i n  f i l m .  
o r  d e s t r u c t i v e l y  i n t e r f e r e  with t h e  f irst  r e f l e c t e d  ray .  The net a d d i t i o n  of 
these  vec tors  and subsequent manipulation with t h e  complex conjucate  g ives  

The r e f l e c t i o n s  from t h i n  f i lms give rise t o  maxima and minima, t h e  

These p a r t i a l l y  emergent e l e c t r i c  vec tors  may c o n s t r u c t i v e l y  

where 

471 d no y 

2 x  

. a  = exp 

and 
4 n d n  x 

2 1  

6 =  

X being t h e  wavelength. 

Experimental Resul ts  and Discussion: 
In f i g u r e  1. experimental r e f l e c t a n c e  s p e c t r a  f o r  t h e  t i n o x i d e - a i r  and 

t inoxide-water  i n t e r f a c e s  with perpendicular ly  polar ized  l i g h t  are shown. 
Absorbance is  def ined a s  - log R e f l e c t i v i t y .  

The v a l i d i t y  of equat ion (5) was checked by t h e  computor by s imula t ing  
t h e  spectrum with s u b s t i t u t e d  va lues .  
for  t inoxide ,  was eva lua ted  as 0.0035. 
f i l m  was chosen t o  be  960 m u ,  as t h i s  number gave s imi lua ted  s p e c t r a  s i m i l a r  
t o  experimental ones a s  may be  seen i n  Table 1. 
of 1 micron quoted by t h e  manufactures. 
is not  expected because o f  t h e  assumed cons tan t  va lue  f o r  the  r e f r a c t i v e  index. 

The value o f  ~ 1 ,  t h e  a t t e n u a t i o n  index 
The value f o r  t h e  th ickness  of  t h e  

This  va lue  is n e a r  t h e  value 
Fur ther  agreement a t  a l l  wavelengths 

b 
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The r e f r a c t i v e  index f o r  t inoxide and g i a s s  were taken as  1.88 and 1.49 

An important conclusion drawn from t h c  r e s u l t s  is  t h a t  the chnnqc i n  

respec t ive ly .  Ihe angle  incidence 0 ,  was 72 . I 

r e f r a c t i v e  index a f f e c t s  t h e  pos i t ion  a s  well as t h e  h c i c h t s  of thc  absorbance 
peaks. 

The second i n t e r e s t i n g  aspect  of these s p e c t r a  is the  followinq. 
i f  t h e  absorbance of t h e  spec ies  is independent of wavclenRth, t h e  spcctrum 
would be a s t r a i g h t  l i n e  p a r a l l e l  t o  t h c  wavelcnKth a x i s .  In  the  in tc r fc rcncc  
A . T . R .  non-l inear  e f f e c t  of c2, the a t tenuat ion  index of species  i n  so lu t ion  i s  
sccn on the  spectrum. For  a constant c 2 ,  t h e  maximum of absorbance f o r  species  
coincides  with t h e  maximum due t o  the  in te r fe rence  A.T.R. In f igure  2 the  
r e l a t i v e  change o f  absorbance is p l o t t e d  a s  a funct ion o f  wavclcnffth with c2- 
0 .005 .  
so lu t ion- f i lm i n t e r f a c e  i s  v e a t l y  dependent on t h e  optical  proper t ies  of  the 
f i l m .  

F i p u n  3A is t h e  A.T.R. spectrum of  Eosin-Y with t h e  t inoxide  coated 
p l a t e  replaced by a p l a s t i c  one. 
Eosin-Y on t h i s  s u r f a c e .  The peak occurs a t  521 mu. Using formulas (1) and 
( 3 ) .  the  c z  values a r e  c a l c u l r t e d  f o r  d i f f e r c n t  wavelenRths and then subs t i tu ted  
i n t o  equation (5 ) .  The computor ca lcu la t ions  give t h e  r e s u l t a n t  absorhance 
which is shown i n  Figure 38. 
bance curve f o r  Eosin-Y with t h e  t inoxide  coated c e l l .  I t  is c l c a r  t h a t  t h e  
A . T . R .  th in  f i lm simulatcd spectrum i s  i n  agreement with t h e  experimcntal 
s p e c t n m  but s h i f t e d  t o  longer  wavelengths with respect t o  t h e  experimental 
A . T . R .  spectrum without  t h e  t h i n  film. 

The prel iminary '  c a l c u l a t i o n s  f o r  p a r a l l e l  po lar ized  l i g h t  showed t h a t  

In A.T.R.  

I t  i s  clear t h a t  t h e  shape of  the  spectrum f o r  t h e  spec ies  a t  the  

There is no evidence for adsorpt ion of 

Figure 3C i s  t h e  experimental ly  determined absor- 

t h e  Ref lec t iv i ty  was r e l a t i v e l y  lower than t h a t  f o r  perpendicular  po lar iza t ion .  
The e l c c t r t c  vec tor  experiences a f i e l d  e f f e c t  as it penet ra tes  t h e  medium 
and i s  re f lec ted  a t  t h e  i n t e r f a c e .  
i n  an applied e l e c t r i c  f i e l d .  
t h e  support ing e l e c t r o l y t e )  t h e  peak height  changes with appl ied p o t e n t i a l .  
T t  is very important t h a t  t h e  f u t u r e  workers repor t  s i m i l a r  observations i n  
d d i t i o n  to giving t h e  e f f e c t  o f  p o t e n t i a l  i n  t h e  prcsence of absorbing species .  
Further ,  our observat ion t h a t  t h e  Absorbance-time r e l a t i o n s h i p  for potent io-  
s t a t i c  jump is much lonaer  than t h e  one expected on t h e  b a s i s  of d i f fus ion  and 
penet ra t ion  depth agrees  with those reported previously.2 
i s  very d i f f i c u l t  t o  m d c r s t a n d  by only consider ing t h e  sur face  concentration 
unless  t h e r e  i s  r time dependent adsorption o f  t h e  mater ia l  occurr inff .  
t i r  dependence is not iced  with only support ing e l e c t r o l y t c  (pH 1, tic1 buffer )  
and t h i s  may be from t h e  or ien ta t ion  of molecules i n  t h e  t inoxide  f i l m ,  which 
leads to t h e  time dependent an iso t ropic  behavior. 
s t a t i c  jw t o  0.6 v with respec t  to s.c.e. with Eold and t inoxide  f i lms.  
might n o t i c e  the  r a p i d  response with t h e  gold f i l m ,  compared t o  t h a t  of t h e  
t inoxide  f i lm.  Though one cannot discount t h e  e f f e c t  of f i l m  formation t o t a l l y ,  
it should b e  borne i n  mind t h a t  t h e  new f i l m  w i l l  d e f i n i t e l y  a l t e r  t h e  shape of 
the s p e c t n m ,  both i n  the height  md the pos i t ion  of the peaks. 

Optical r o t a t i o n  may therefore  be expected 
In t h e  absence of  any absorbinq spec ies  (only 

This time dcpcndence 

Similar  

Fiaure 4 gives t h e  potent io-  
One 

In Figure 5 
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t h e  re f lec tance  spectrum o f  t inoxide  p l a t e  coated with a t h i n  l a y e r  of gold 
is s h o w .  
f l e c t i o n s  from mul t ip le  f i lms .  

This spectrum i s  predic ted  by F o r s t e r l i n g  r e l a t i o n s h i p  f o r  re -  

TO summarize, extreme care  should be exerc ised  i n  interpretin!! t h e  
chemical phenomenon on sur face  purely from o p t i c a l  measurements, when t h i n  
films a r e  used. 
mul t ip le  r e f l e c t i o n s  i n  t h e  t h i n  f i l m .  

The c a l c u l a t i o n  penet ra t ion  depth i s  i n  error because of  

The authors  g r a t e f u l l y  acknowledge t h e  support  of t h i s  work by Grant 
GM 14036 from t h e  Research Grant Branch of Nat ional  I n s t i t u t e s  of  General 
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of Richard Chang during t h e  e a r l y  p a r t  of t h i s  work is hereby acknowledged. 
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